Neurons respond to stimuli by integrating generator and synaptic potentials and generating action potentials. However, whether the underlying electrogenic machinery within neurons itself changes, in response to alterations in input, is not known. To determine whether there are changes in Na ؉ channel expression and function within neurons in response to altered input, we exposed magnocellular neurosecretory cells (MNCs) in the rat supraoptic nucleus to different osmotic milieus by salt-loading and studied Na ؉ channel mRNA and protein, and Na ؉ currents, in these cells. In situ hybridization demonstrated significantly increased mRNA levels for ␣-II, Na6, ␤1 and ␤2 Na ؉ channel subunits, and immunohistochemistr y͞immunoblotting showed increased Na ؉ channel protein after salt-loading. Using patch-clamp recordings to examine the deployment of functional Na ؉ channels in the membranes of MNCs, we observed an increase in the amplitude of the transient Na ؉ current after salt-loading and an even greater increase in amplitude and density of the persistent Na ؉ current evoked at subthreshold potentials by slow ramp depolarizations. These results demonstrate that MNCs respond to salt-loading by selectively synthesizing additional, functional Na ؉ channel subtypes whose deployment in the membrane changes its electrogenic properties. Thus, neurons may respond to changes in their input not only by producing different patterns of electrical activity, but also by remodeling the electrogenic machinery that underlies this activity.
The nervous system responds to environmental stimuli with altered patterns of electrical activity that trigger physiological responses and behaviors that tend to protect the organism and͞or help it adapt to its environment. The molecular and cellular mechanisms underlying these altered patterns of neuronal activity are not fully understood. They depend, in part, on the integration of generator potentials and excitatory and inhibitory postsynaptic potentials that impinge on neurons within the circuit under study. Whether the electrogenic machinery responsible for this signal integration within these neurons itself changes, however, in response to environmental changes is not well understood.
A model for studying the neuronal response to environmental changes is provided by the magnocellular neurosecretory cells (MNCs) in the supraoptic nucleus (SON), which send axons to the neurohypophysis and fire in bursts so as to release vasopressin in response to increases in plasma osmolality. Vasopressin release is a function of action potential frequency in these cells (1, 2) and firing frequency, in turn, is modulated by osmotic stimuli (3) (4) (5) . Action potential activity in these cells is Na ϩ dependent and tetrodotoxin (TTX) sensitive, indicating that it is mediated by Na ϩ channels (6) (7) (8) (9) . While it is known that eight types of Na ϩ channels, encoded by distinct genes, are expressed in neurons (10) (11) (12) (13) (14) (15) (16) (17) , the identity of the Na ϩ channels in supraoptic MNCs is not known. Moreover, the basic mechanisms that lead to these environmentally triggered changes in firing pattern in supraoptic neurons have been only partially delineated. It is known that MNCs possess an intrinsic regenerative mechanism (6, 18, 19) , which can be triggered by endogenous osmosensitivity mediated by mechanosensitive channels (20) , providing an electrogenic cascade that can respond to changes in the environment. There is also evidence for synaptic activation of MNCs, which leads to their firing and release of vasopressin, after exposure of circumventricular neurons to osmotic stimulation (21) . In the present report we demonstrate an additional, previously undescribed, response of these cells to changes in their input: molecular and functional remodeling by means of the increased expression of specific Na ϩ channel ␣-and ␤-subunit genes and addition of additional functional Na ϩ channels that alter the electrogenic properties of the cell membrane.
MATERIALS AND METHODS
Salt-Loading. Adult male Sprague-Dawley rats (200-220 g), housed under a 12-h-12-h dark-light cycle, were salt-loaded with 2% NaCl (ad libitum) in their drinking water and unlimited access to food, and they were sacrificed after 7 days. All experiments were approved by the institutional animal use and care committee. To confirm the extent of salt-loading, plasma osmotic pressure was measured (vapor pressure osmometer model 5500; Wescor, Logan, UT), demonstrating a significant (P Ͻ 0.01) increase in salt-loaded rats (321.5 Ϯ 4.48 milliosmolar) compared with controls (292.4 Ϯ 0.79 milliosmolar). Body weights were significantly (P Ͻ 0.01) lower in salted-loaded (194.3 Ϯ 11.9 g) compared with control (248.4 Ϯ 7.11 g) rats. Ten animals (five control and five salt-loading) each were used for in situ hybridization, SP20 immunocytochemistry, and immunoblot analysis. Six control and six saltloaded rats were used for patch-clamp studies.
In Situ Hybridization. Rats were anesthetized with ketamine͞xylazine (40͞2.5 mg͞kg, i.p.) and perfused with 4% paraformaldehyde in 0.14 M phosphate buffer. Brains were postfixed overnight at 4°C and cryoprotected, and serial coronal sections (30 m) of hypothalamus were cut and collected in 4ϫ SSC. Sections, including the SON from the level of the preoptic area rostrally to the retrochiasmatic area caudally, were divided into six groups for detection of Na ϩ channel mRNAs. Sections from control and salt-loaded groups were hybridized in the same chamber by a free-floating method (22) . Sections were deproteinized with proteinase K (2.5 g͞ml) acetylated with 0.25% acetic anhydride and 0.1 M triethanolamine and were incubated in hybridization buffer (50% formamide͞10% dextran sulfate͞20 mM Tris⅐HCl, pH 7.5͞5 mM EDTA͞0.3 M NaCl͞0.2% SDS͞500 g/ml yeast tRNA͞1ϫ Denhardt's solution͞10 mM DTT), containing digoxigenin (DIG)-UTP-labeled Na ϩ channel riboprobe (0.25 ng͞l) for 12 h at 60°C. After rinsing in 2ϫ SSC͞50% formamide and RNase solution in 0.5ϫ SSC, sections were transferred into buffer 1 (100 mM Tris⅐HCl, pH 7.5͞150 mM NaCl), incubated in alkaline phosphatase-labeled anti-DIG antibody (dilution, 1:500 in buffer 1) overnight at 4°C, and reacted in a chromogen solution containing 4-nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in buffer (100 mM Tris⅐HCl, pH 9.5͞10 mM NaCl͞50 mM MgCl 2 ) for 4 h at room temperature.
DIG-labeled antisense and sense riboprobes for Na ϩ channel ␣-subunits ␣-I (nucleotides 7385-7820, GenBank numbering), ␣-II (nucleotides 6807-7302), ␣-III (nucleotides 6325-6822), Na6 (nucleotides 6461-6761), and ␤-subunit ␤1 (nucleotides 457-790) and ␤2 (nucleotides 140 -669) were synthesized from each cDNA as previously described by reverse transcription-PCR (11) . Transcription was carried out with 120 units of appropriate RNA polymerase and 1 g of linearized template in a reaction mixture containing buffer (1ϫ), 0.35 mM DIG-11-UTP, 1 mM GTP, ATP, and CTP, 0.65 mM UTP, 10 mM DTT, and 10 units of RNase inhibitor (Boehringer Mannheim). Sense riboprobes yielded no signals on in situ hybridization.
For quantitation of hybridization signal, images were captured with a ComputerEyes͞1024, version 1.07, capture board. Optical densities (ODs) of the circumscribed SON were obtained within the linear calibration range by using the NIH IMAGE program, calibrated with neutral density filters of 0.1, 0.3, and 0.6 OD, and fitted to a straight line. Background OD, measured in the lateral hypothalamic area surrounding the SON in each section, was subtracted from all signals.
For colocalization of vasopressin and oxytocin peptide and ␣ Na6 mRNA (Fig. 1) , control rats were perfused and fixed as described above. Coronal cryostat sections (10 m) were incubated overnight at 4°C with a mixture of guinea pig anti-vasopressin (1:1500; Peninsula Lab Inc., USA) and rabbit anti-oxytocin (1:1000; Peninsula Laboratories) in 0.1 M phosphate-buffered saline (PBS), treated with diethyl pyrocarbonate to protect from RNase. Sections were rinsed twice in PBS and incubated with fluorescein isothiocyanate (FITC)-labeled goat anti-guinea pig IgG (1:250; Vector Laboratories) and Texas red-labeled goat anti-rabbit IgG (1:250; Vector Laboratories) in PBS for 3 h at room temperature. After rinsing in 0.1 M PBS, sections were mounted on poly(L-lysine)-coated slides coverslipped with Vectashield (Vector Laboratories), and examined and photographed with an epifluorescence microscope equipped with a double filter for FITC and Texas red fluorescence. Sections were subsequently processed for in situ hybridization as described above, using a DIG-labeled probe that recognizes Na ϩ channel ␣-subunit Na6. In control experiments, FITC-positive neurons after incubation with anti-oxytocin serum and Texas red-positive neurons after incubation with anti-vasopressin serum were not detected.
Immunocytochemistry and Immunoblotting. Antibody SP20 was generated against a conserved region of rat brain sodium channel (residues 1106-1126 of sodium channel II (23) . The affinity purification and specificity of SP20 have been previously described (23.) .
Rats were perfused with 4% paraformaldehyde, and the brain and pituitary were removed and postfixed for 3 h. After immersion in 20% sucrose in 0.1 M PBS for 24 h, cryosections (25 m) containing SON, median eminence, and pituitary neural lobe were cut. Sections were incubated in blocking solution (PBS containing 5% normal goat serum and 1% BSA) containing 0.1% Triton X-100 twice for 15 min at room temperature, incubated with antibody SP20 (1:50) in blocking solution overnight at 4°C, washed twice in PBS, and incubated overnight at 4°C with biotinylated anti-rabbit serum (1:1000, Vector Laboratories). Sections were then incubated in avidinbiotin-peroxidase complex (ABC) (1:1000, Vector Laboratories) for 2 h, exposed for 10 min to 0.015% 3,3Ј-diaminobenzidine⅐4HCl in 0.05 M Tris⅐HCl buffer containing 0.005% H 2 O 2. Control experiments in which the primary antibody or secondary antibody was omitted showed no staining.
Immunoblotting was carried out on samples derived from the SON of single rats and from the pooled posterior pituitary lobes of two rats. Equal volumes of membrane protein from each group (Ϸ10-40 g) were added to reducing SDS sample buffer, incubated at 37°C for 30 min, separated by SDS͞6% polyacrylamide gel electrophoresis, and electrotransferred onto poly(vinylidene difluoride) (PVDF) membrane. Membranes were blocked with 10% nonfat dry milk in Tris-buffered saline (100 mM Tris, pH 8.0͞0.9% NaCl) containing 0.1% Tween-20, and then incubated overnight at 4°C with SP20 (1:100). Membranes were washed and incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibody (1:1000) for 2 h at room temperature. After a brief wash, immunoreactive bands were visualized with 0.38% 4-nitroblue tetrazolium chloride͞0.19% 5-bromo-4-chloro-3-indolyl phosphate. Membrane Preparations. SON and posterior lobe of the pituitary from control and salt-loading rats were quickly microdissected after decapitation, and crude lysed membrane fractions were prepared (24) . In brief, 10-to 40-mg tissue samples were homogenized in 5 mM Tris⅐HCl, pH 7.4͞0.3 M sucrose containing protease inhibitors (1 mM phenylmethanesulfonyl fluoride, 1 g͞ml leupeptin, and 2 g͞ml aprotinin), and nuclei and other debris were pelleted twice at 1,000 ϫ g for 10 min. Supernatants were centrifuged at 350,000 ϫ g for 5 min and resuspended in homogenization buffer. To obtain solubilized membrane fractions, 12.5% Triton X-100, 100 mM EDTA, and 2 M KCl were added to final concentrations of 2.5%, 2.5 mM, and 100 mM, and supernatants were incubated at 4°C for 1 h and then centrifuged at 16,000 ϫ g for 10 min. Supernatants were used for protein quantitative analysis and immunoblot analysis. Protein was determined by using the D c protein assay (Bio-Rad) with BSA as a standard.
Whole-Cell Patch Clamp. MNCs in the SON from adult male rats were dissociated as previously described (25) 
the whole-cell patch-clamp configuration within 2 h after dissociation. All recordings were made with an EPC-9 amplifier (v 7.52, HEKA Electronics, Lambrecht͞Pfalz, Germany). Recording electrodes were 1-2 M⍀, and 80% series resistance compensation was used. The pipette solution contained 140 mM CsF, 2 mM MgCl 2 , 1 mM EGTA, and 10 mM NaHepes, pH 7.3, and the extracellular solution contained 140 mM NaCl, 3 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM Hepes, pH 7.3. All recordings were conducted at room temperature (Ϸ21°C).
RESULTS
We first investigated expression of mRNA encoding Na ϩ channel ␣ (I, II, III, Na6) and ␤ (␤1 and ␤2) subunits known to be present in the brain by in situ hybridization using isoform-specific riboprobes in adult rats under normal conditions and after chronic salt-loading, which exposes SON neurons to elevated extracellular osmolality (26) (27) (28) .
Almost all MNCs in the SON displayed moderate levels of ␣-II and Na6 mRNA in control rats. Combining in situ hybridization with double immunofluorescence labeling, we observed that both vasopressin and oxytocin-containing MNCs of the SON express Na6 mRNA (Fig. 1 ). Significant levels of ␣-I and ␣-III mRNA could not be detected in MNCs. mRNAs for both Na ϩ channel ␤ subunits are present in MNCs, ␤1 at low-to-moderate levels and ␤2 at moderate levels (Fig. 2) .
FIG. 2.
In situ hybridization with subtype-specific riboprobes for Na ϩ channel subunits ␣-I, ␣-II, ␣-III, Na6, ␤1, and ␤2 in the SON. ␣-I and ␣-III mRNA are not detectable. Low levels of ␣-II, Na6, ␤1, and ␤2 mRNA are present in the control SON (no asterisks), and there is a distinct up-regulation of each of these transcripts after salt-loading (asterisks). The fields shown were scanned from micrographs and digitally enhanced to illustrate the up-regulation of specific transcripts, but they do not illustrate the quantitative magnitudes of the changes. Optical densities from unenhanced micrographs (histogram, Lower Right) provide a quantitative measure of mRNA levels and show significant changes for ␣-II, Na6, ␤1, and ␤2 transcripts in salt-loaded rats. (Bar ϭ 100 m.) There was distinct up-regulation of ␣-II, Na6, ␤1, and ␤2 mRNA levels, but not of ␣-I or ␣-III mRNA, in salt-loaded rats (Fig. 2) , which was reflected by significant increases in optical density (histogram in Fig. 2) . In addition to an increase in optical density, there was a significant increase in the area of SON expressing each of these transcripts (Fig. 2) , because of increased cell sizes, as previously reported (29) in salt-loaded rats. Thus expression of specific Na ϩ channel transcripts in MNCs was increased by salt-loading.
To determine whether the changes in Na ϩ channel mRNA in the salt-loaded SON were paralleled by increases in Na ϩ channel protein, we used SP20 antibody, which recognizes a conserved region in Na ϩ channels (23), for immunocytochemistry and immunoblot analysis. Immunoreactivity in the SON was distinctly increased in salt-loaded rats (Fig. 3 A and B) . In contrast, we did not detect differences in immunoreactivity of the median eminence or posterior pituitary, the sites of the axons and terminals of the SON MNCs (data not shown).
To further substantiate the effect of salt-loading on Na ϩ channel expression, we performed Western blot analysis with SP20 antibody, using membrane preparations from the SON and from the site of termination of MNC axons, the posterior pituitary (Fig. 3C) . In all lanes, a band of about 230 kDa, consistent with that previously reported (23), was present.
Additional minor bands at Ϸ170 kDa may represent channel precursors or breakdown products. The 230-kDa immunoreactive band was stained more densely in the salt-loaded SON than in the control SON. The 230-kDa band from salt-loaded posterior pituitary gland was also denser than the control, but the difference was less pronounced. These immunoblots confirm and extend the results of SP20 immunocytochemistry in showing an increase in Na ϩ channel protein in the salt-loaded SON and posterior pituitary. These results show that the transcription of Na ϩ channel mRNA is up-regulated in the salt-loaded SON and suggest that this up-regulation results in increased synthesis of Na ϩ channel protein in these cells. To determine whether these changes result in increased incorporation of functional Na ϩ channels in the membranes of these cells, we dissociated MNCs and carried out patch-clamp studies. MNC neurons were rapidly isolated from control rats (n ϭ 6) and salt-loaded rats (n ϭ 6). Both groups (Table 1) expressed fast, TTX-sensitive, sodium currents, but the peak sodium current amplitude (measured at 0 mV from a Ϫ130 mV holding potential) was 60% larger for MNC neurons isolated from the salt-loaded SON neurons ( Fig. 4A; 15 .8 Ϯ 1.1 nA for control, n ϭ 44; 25.3 Ϯ 2.1 nA for salt-loaded, n ϭ 45; P Ͻ 0.001). However, because the MNC neurons also exhibited a significant increase in soma size (measured by cell capacitance; 16.2 Ϯ 0.4 pF control, 21.5 Ϯ 0.8 pF salt-loaded; P Ͻ 0.001), peak current density (peak current amplitude divided by cell capacitance) was only 20% larger in freshly isolated salt-loaded MNC neurons. The voltage dependence of activation and steady-state inactivation were shifted about Ϫ6 mV for salt-loaded neurons compared with control neurons (Fig. 4B) .
Because persistent sodium currents might contribute to the intrinsic burst activity of MNC neurons, we also examined sodium currents elicited with slow ramp depolarizations (0.23 mV͞ms) in control and salt-loaded neurons. While TTXsensitive sodium currents that activated near threshold (i.e., at potentials from Ϫ65 to Ϫ55 mV) were recorded in both groups, the salt-loaded neurons exhibited significantly (P Ͻ 0.005) larger threshold ramp currents (Fig. 4C) . Because slow closed-state inactivation of sodium channels can underlie ramp currents (30), we examined the kinetics of inactivation at Ϫ80 mV. Both the development of inactivation and recovery from inactivation were significantly slower in salt-loaded neurons ( Table 1 ), suggesting that the increased ramp currents in salt-loaded neurons arise at least in part from an increase in sodium channels with slow closed-state inactivation. The maximum ramp current amplitude was doubled (Table 1 ) and the ramp current density was Ϸ50% larger in the salt-loaded neurons (Fig. 4D) . Thus, the peak and ramp currents were both increased after salt-loading, but to significantly different degrees. These results show that the functional properties of the sodium currents in salt-loaded SON neurons differ from those in control neurons in several ways. Because ramp currents activate at potentials close to threshold, these changes are expected to have an impact on the excitability of MNCs.
DISCUSSION
Our observations indicate that two Na ϩ channel ␣ subunits, ␣-II and Na6, are coexpressed in most MNCs in the SON. Two separable components of the Na ϩ current have been identified in these cells, with transient and persistent kinetics (9, 25) . In cerebellar Purkinje cells, which also express two Na ϩ channel transcripts, Na6 appears to produce a persistent sodium current and ␣-I appears to produce a transient current (31) . Ramp currents in Purkinje cells, similar to those that we evoked in MNCs, are produced by Na6 channels (32) .
Our results demonstrate an up-regulation of mRNA for two Na ϩ channel ␣ subunits (␣-II and Na6) and both ␤ subunits (␤1 (1999) and ␤2), and show increased levels of Na ϩ channel protein and Na ϩ current, in MNCs in the SON of salt-loaded rats. These results suggest that MNCs insert additional Na ϩ channels, including auxiliary ␤ subunits (33) (34) (35) in their membranes in response to osmotic changes. Peak sodium current amplitudes in salt-loaded MNCs were increased from 15.8 Ϯ 1.1 nA to 25.3 Ϯ 2.3 nA, while peak sodium current densities were increased by a smaller fraction (1,206 Ϯ 95 pA͞pF, salt-loaded; 989 Ϯ 70 pA͞pF, controls). This is probably due to the increase in cell size within the SON that occurs in salt-loaded animals (29) . The increase in SP20 immunoreactivity within the saltloaded SON, in the context of the relatively small increase in sodium current density (which provides a measure of average sodium channel density over the cell body, assuming a relatively uniform distribution of channels), might be interpreted as suggesting that additional Na ϩ channels may have been added in a nonuniform pattern, clustered close to action potential trigger zones or other critical regions. Increased SP20 immunoreactivity within the salt-loaded SON, however, is also consistent with the alternative possibility of an increased pool of intracellular channels or channel precursors. This intracellular pool could serve to maintain Na ϩ channel densities, possibly in the context of activity-related turn-over of channels (36) (37) (38) , so as to maintain an appropriate level of electrogenic tuning. The increase in the ramp currents (Fig. 4 C and D) , however, was greater than that of peak transient Na ϩ current. This difference may be functionally important because noninactivating and slowly inactivating Na ϩ channels, which produce ramp currents, can amplify generator and postsynaptic potentials and can contribute to the generation of tonic and phasic burst patterns in neurons (39) (40) (41) (42) (43) (44) .
Insertion of Na ϩ channels in the membrane of MNCs may poise them to respond to changes in their input. MNCs release vasopressin [and oxytocin (45, 46) ] from their terminals in response to osmotic stimulation. This neuropeptide release is related to the frequency of action potentials, which are known to be Na ϩ dependent and TTX sensitive (6, 9) in these cells. Thus the expression of Na ϩ channels may effect the burst threshold and contribute to the synaptically driven (21) as well as the endogenous component of the response to osmotic changes in these cells. Interestingly, there is a continued increase in the firing rate within bursts, from day to day, that is observed in phasic SON MNCs during a 5-day period of water deprivation (47) .
Our results may have implications for neuronal cell types other than hypothalamic neurons. Persistent Na ϩ channels contribute to oscillatory bursting behavior in a number of types of neurons (48) (49) (50) (51) (52) (53) . Electrical activity, cAMP, and cytosolic calcium levels regulate Na ϩ channel ␣ subunit expression in muscle (54) and neural cells (55-57). There is evidence for TTX blocks the ramp current. Right shows the TTX-sensitive ramp currents in representative control and salt-loaded MNCs. Leak currents recorded after application of 250 nM TTX were subtracted. (D) The peak and ramp current densities (estimated by dividing the maximum currents by the cell capacitance) are larger in salt-loaded neurons (n ϭ 29) than in control neurons (n ϭ 34); note that the increase is proportionately greater for the ramp currents. Error bars indicate SE, and the ‫ء‬ indicates P Ͻ 0.005.
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Neurobiology: Tanaka et al. Proc. Natl. Acad. Sci. USA 96 (1999) plasticity in expression of other ion channels, including K ϩ and Ca 2ϩ channels that also contribute to neuronal excitability (58, 59) . It is thus possible that expression of voltage-sensitive channels contributing to excitability is altered in neuronal cell types outside of the hypothalamus in response to changes in their input.
We have demonstrated that, in response to external stimuli, SON neurons respond not only by altering their firing patterns but also by selectively activating specific Na ϩ channel genes and deploying additional functional channels so as to change the electrogenic properties of their membrane. Thus, these cells not only integrate incoming signals (generator potentials, postsynaptic potentials) so as to produce different patterns of electrical activity in response to changes in their environment but also rebuild the electrogenic machinery that integrates these signals and generates electrical activity. This molecular and functional remodeling may provide a novel mechanism that underlies state-dependent changes in the input-output functions of neurons.
